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Introduction
Ground-water recharge is a fundamental component in the water budget of any watershed, but it is difficult to measure directly. Most often, recharge is estimated by indirect methods involving analysis of water budgets, fluctuation of groundwater levels, or streamflow hydrographs (Nimmo and others, 2003) . In the humid eastern United States, most streams are gaining and the water table is near land surface, so the majority of ground-water recharge ultimately discharges as streamflow. Thus, streamflow hydrographs have been widely used to estimate recharge, either through a determination of base flow or analysis of the streamflow-recession data (Mau and Winter, 1997) .
In recent years, interest in quantifying ground-water recharge rates in Pennsylvania has increased because of concerns that land-use changes may be reducing recharge and ground-water resources in rapidly developing areas may not be sustainable. In Pennsylvania, streamflow records are available from the U.S. Geological Survey (USGS) at 529 active or discontinued streamflow-gaging stations. Analysis of streamflow hydrographs from these stations could provide estimates of ground-water recharge for a considerable part of Pennsylvania.
This report provides estimates of ground-water recharge throughout Pennsylvania computed by use of two automated streamflow-hydrograph-analysis methods at 197 streamflowgaging stations where streamflow is relatively unaffected by regulation ( fig. 1 ). Ground-water recharge is reported for each station for the period of available record as (1) mean-annual recharge and (2) mean-monthly recharge. The scope of this report is limited to presenting the results from the two streamflow-hydrograph methods for the period of available record at each of the 197 stations.
Streamflow-Hydrograph Methods
Ground-water recharge was estimated from streamflowhydrograph records by the use of two automated methods -PART and RORA (Rutledge, 1993 (Rutledge, , 1998 . The PART computer program uses a hydrograph-separation technique to estimate base flow from the streamflow record. Although base flow is not recharge, it has been used as an approximation of recharge when the investigator believes that base flow represents ground-water discharge and that ground-water discharge is approximately equal to recharge. The RORA computer program uses the recession-curve displacement technique of Rorabaugh (1964) to estimate ground-water recharge from each 
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storm period. The RORA program is not a hydrograph-separation method; rather, recharge is determined from displacement of the streamflow-recession curve according to the theory of ground-water drainage. The computer programs and documentation used for PART and RORA are available from the USGS (2005) .
PART and RORA have the advantage of being able to estimate base flow or recharge with the use of daily mean values of streamflow from streamflow-gaging stations. The PART and RORA methods assume streamflow at some time after a storm represents ground-water discharge originating as spatially diffuse recharge. Snowmelt runoff, reservoir releases, and discharge of water from wetlands or bank storage are sources of water other than ground-water discharge that could contribute to streamflow during non-storm periods. It is incumbent on the user to evaluate how these sources could affect recharge estimates.
In this report, estimates of mean-annual recharge were reported for each streamflow-gaging station on the basis of base flow from the PART program and recharge from the RORA program. Mean-monthly recharge for each station was estimated by use of only RORA because base flow as determined from the PART program lags the timing of recharge.
Hydrograph Separation-PART Program
The computer program PART was used to provide estimates of base flow for selected gaged watersheds in Pennsylvania. Base flow is the part of streamflow usually attributed to ground-water discharge (U.S. Geological Survey, 1989) . Although base flow is not recharge, it is sometimes used as an approximation of recharge when underflow, evapotranspiration from riparian vegetation, and other transfers of ground water to or from the watershed are minimal. If these conditions are met, base flow may provide a reasonable estimate of recharge for long time periods (1 year or more). When used as a proxy for recharge, base flow has sometimes been referred to as "effective recharge" (Daniel, 1996) , "base recharge" (Szilagyi and others, 2003) , or "observable recharge" (Holtschlag, 1997) to acknowledge that it probably represents some amount less than what recharged the aquifer.
Methods for separating streamflow hydrographs into components of base flow and surface runoff have been available for many years (Hall, 1968) and, more recently, computer programs have automated the separation procedures (Pettyjohn and Henning, 1979; Wahl and Wahl, 1988; Nathan and McMahon, 1990; Rutledge, 1993; Arnold and others, 1995) . Application of different methods for separating base flow will provide different results. Because the separation of the streamflow hydrograph is subjective, the user is left to determine which estimate (if any) of the base-flow estimates is most representative of recharge. The computer program PART (Rutledge, 1998) was selected for this study because it has been widely used to compute base flow in the eastern United States (Rutledge and Mesko, 1996; Holtschlag, 1997; Nelms and others, 1997; Bachman and others, 1998) and the software is supported by the USGS.
The PART program computes base flow from the streamflow hydrograph by first identifying days of negligible surface runoff and assigning base flow equal to streamflow on those days; the program then interpolates between those days. PART locates periods of negligible surface runoff after a storm by identifying the days meeting a requirement of antecedent-recession length and rate of recession. It uses linear interpolation between the log values of base flow to connect across periods that do not meet those tests. A detailed description of the algorithm used by PART is provided in Rutledge (1998, p. 33-38 ). An example illustrating the separation of the base-flow component from a streamflow hydrograph is shown in figure 2.
Recession-Curve Displacement-RORA Program
The computer program RORA was used to provide estimates of annual and mean-monthly recharge from streamflow hydrographs at selected gaged watersheds in Pennsylvania. Although RORA uses streamflow data to estimate groundwater recharge, it is not a "hydrograph-separation" technique. It uses a recession-curve displacement method to estimate ground-water recharge from an equation developed by Rorabaugh (1964) for a one-dimensional analytical model of ground-water discharge to a fully penetrating stream in an idealized, homogenous aquifer with uniform spatial recharge. RORA has been used to estimate recharge for regional studies (Rutledge and Mesko, 1996; Flynn and Tasker, 2004) , but because of the simplifying assumptions inherent in the equations, Halford and Mayer (2000) caution that RORA may not provide reasonable estimates of recharge for some watersheds.
For details regarding the theory and application of the recession-curve displacement method by the use of RORA, the reader is referred to Rutledge (1993 Rutledge ( , 1998 Rutledge ( , and 2000 . However, the general procedure for estimating ground-water recharge with RORA is discussed below to illustrate the theoretical foundation of the method, which contrasts markedly to the more subjective hydrograph-separation method used in the PART program.
The recession-curve displacement method is based on the finding that at some critical time (t c ), after a streamflow peak, recharge from that storm can be computed as
where R is total volume of recharge for the streamflow peak, in cubic feet; Q 1 is ground-water discharge at critical time (t c ) extrapolated from prestorm recession, in cubic feet per second; Q 2 is ground-water discharge at critical time (t c ) extrapolated from poststorm recession, in cubic feet per second; and K is the recession index, defined as the time required for ground-water discharge to decline by one log cycle after the recession curve becomes nearly linear on a semilog hydrograph, in days.
Estimates of Ground-Water Recharge Based on Streamflow-Hydrograph Methods: Pennsylvania Critical time (t c ) is computed as t c = 0.2144K, and the recession index (K) is determined by compilation of a master recession curve composed of numerous periods of streamflow recession (recession segments) for each streamflow-gaging station by the use of the RECESS program (Rutledge, 1998) . In this study, recessions during June through August were not used to compile the master recession curve because of the possibility that evapotranspiration from ground water had steepened the slope of the recession curve. For consistency in approach, straight-line recession segments 7 to 17 days after storm peaks were used. Recession segments less than 7 days following a storm are probably prior to critical time (t c ), and the 10-day period was sufficiently long to define the recession index (K). Outlying recession segments (if any) were eliminated by examining the relation between the recession index (K) and the logarithm of median streamflow as discussed in RECESS (Rutledge, 1993, p. 17) . If the plot showed a poor relation between the recession index (K) and streamflow, recharge was not estimated for that watershed.
An example of the recession-curve displacement method from Rutledge (1998) is illustrated in figure 3 . In that example, Q 1 is 5 ft 3 /s, Q 2 is 23 ft 3 /s, K is 32 days, and the critical time is 6.86 days. From equation 1, ground-water recharge for that single event is 43.2 million ft 3 . Recharge from that event could be expressed in inches by dividing by the watershed area upstream of the streamflow-gaging station. The computer program RORA automates the procedure illustrated in figure 3 . 
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Ground-Water Recharge Estimates
Ground-water recharge was estimated by the streamflowhydrograph programs PART and RORA for selected streamflow-gaging stations in Pennsylvania. Estimates of meanannual recharge from both methods for the period of available record are reported for each station. The seasonal variability of recharge is illustrated from estimates of the mean-monthly recharge from the RORA program expressed as a percentage of the mean-annual recharge for the period of record.
Selection of Streamflow-Gaging Stations
Recharge estimates were made using streamflow records collected during 1885-2001 from 197 active and inactive streamflow-gaging stations in Pennsylvania. The stations chosen for analysis had at least 10 years of record, recorded streamflow from watersheds of less than about 500 mi 2 , and were relatively unaffected by upstream regulation from reservoirs, withdrawals, and wastewater return flow [to the extent that those conditions were indicated in the USGS annual data reports for Pennsylvania (http://www.pa.water.usgs.gov/ar/ index.html)]. The selected streamflow-gaging stations are listed in table 1 (at the back of the report). The major rock types and land-use classes within each watershed upstream of the gaging station also are provided, which may be useful for evaluating differences in recharge among watersheds.
The period of record used for analysis of recharge from the streamflow-gaging stations varied from 10 to 92 years. At some stations, part of the available streamflow record was excluded from analysis if it was affected by regulation. 
Mean-Annual Recharge
Estimates of mean-annual recharge computed by the use of PART and RORA for the period of unregulated streamflow recorded through 2001 are given in table 2 (at the back of the report). Estimates of mean-annual recharge computed by the use of PART ranged from 5.8 to 26.6 in.; estimates from RORA ranged from 7.7 to 29.3 in. Because the estimates were not derived for a common period of record, comparison of results among stations could be affected by differing climatic periods. The number of streamflow-gaging stations used in the recharge analysis for each year is shown in figure 5 . The period 1960-2001 is most heavily represented in the analysis.
Estimates of mean-annual ground-water recharge from the RORA method are about 2 in. greater than those derived from the PART program ( fig. 6 ). Rutledge and Mesko (1996) reported a similar difference between the methods for watersheds in the Piedmont and Valley and Ridge Physiographic Provinces. Because the RORA and PART programs represent very different approaches for estimating recharge from the streamflow hydrograph, it is not surprising the results differ. In some cases, RORA seems to provide an unreasonably large estimate of recharge that is nearly equal to streamflow. For streamflow-gaging station Spring Creek at Milesburg (station 01547100) in Centre County, recharge estimated by RORA actually exceeded the amount of streamflow recorded (table 2).
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Estimates of Ground-Water Recharge Based on Streamflow-Hydrograph Methods: Pennsylvania
Mean-Monthly Recharge
To provide an estimate of the seasonal variability in recharge for watersheds in Pennsylvania, the mean-monthly recharge from the RORA program was reported at all 197 streamflow-gaging stations. Mean-monthly recharge is the mean of all recharge values for a particular month for the period of record. Only estimates from RORA were reported because they theoretically represent the volume of water that recharged the aquifer from individual storm events, whereas the PART program provides an estimate of monthly base flow, which lags the timing of recharge.
Mean-monthly recharge is given in table 3 (at the back of the report) as a percentage of the mean-annual recharge computed from RORA. The recharge is expressed as a percentage so that it can be used to derive seasonal estimates of recharge from the long-term mean-annual recharge obtained from PART, RORA, or any other method. Mean-monthly recharge as a percentage of mean-annual recharge was averaged for all 197 stations ( fig. 7) . The monthly values indicate the major groundwater recharge period in Pennsylvania typically occurs in 
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November through May, during which about 80 percent of the annual recharge occurs. About 18 percent of the annual recharge typically occurs in March, the month of greatest recharge, on average.
Estimates of mean-monthly recharge from RORA are probably less reliable than estimates for longer periods. Rutledge (2000, p. 31) recommends that results from RORA not be reported at time scales smaller than seasonal (3 months), because results differ most greatly from manual application of the recession-curve displacement method at small time scales. Because the mean-monthly estimates of recharge given in this report are average values for at least 10 years of record, the effect of errors in estimates of recharge for individual months by RORA should be lessened, although this has not been tested. Estimates of recharge for 3-month (or longer) periods can be derived by averaging the appropriate mean-monthly values.
Summary
This study, completed by the U.S. Geological Survey (USGS) in cooperation with the Pennsylvania Department of Conservation and Natural Resources, Bureau of Topographic and Geologic Survey (T&GS), provides estimates of groundwater recharge for watersheds throughout Pennsylvania computed by use of two automated streamflow-hydrograph-analysis methods-PART and RORA. Recharge estimates were made using streamflow records collected during 1885-2001 from 197 active and inactive streamflow-gaging stations in Pennsylvania.
The stations chosen for analysis had at least 10 years of record, recorded discharge from watersheds of less than about 500 mi 2 , and were relatively unaffected by upstream regulation from reservoirs, withdrawals, and wastewater return flow.
The PART computer program provides an estimate of base flow from the streamflow record by use of a hydrograph-separation technique. Although base flow is not recharge, it can be used as an estimate of recharge if it can be assumed that base flow represents ground-water discharge and that losses or transfers of ground water from the watershed are minimal. The RORA computer program uses a recession-curve displacement technique to estimate ground-water recharge from each storm period. It is based on a one-dimensional analytical model of ground-water discharge to a fully penetrating stream in an idealized aquifer with uniform spatial recharge. The recession index (K) required by the RORA program was determined by the use of the RECESS program. In this study, recessions during June through August were excluded from the analysis of recession index because of the possibility that evapotranspiration from ground water had steepened the slope of the recession curve. For consistency in approach, each recession segment was chosen from 7 to 17 days after the storm peak.
Estimates of annual recharge in Pennsylvania computed by the use of PART and RORA ranged from 5.8 to 29.3 in. Because the estimates were not derived for a common period of record, comparison of results among stations might be affected by differing climatic conditions when the stations were in operation. Estimates of mean-annual ground-water recharge from RORA are about 2 in. greater than those derived from the PART 
